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ABSTRACT 
A component based energy and exergy evaluation was performed on a 220MW thermal power plant in Nigeria. The 
component based exergy analysis examines and compares the energetic and exergetic performances of each 
component by identifying the deficiencies of each component. Design and operating data were obtained from Egbin 
power plant in Nigeria. The result of the analysis showed that the total exergy that was destroyed in the power plant 
was 400.015 MW.  The major contributors to the exergy destruction in the power plant were the boiler (87%), the 
three turbines (a combined total of 9%) and the condenser (2 %).The effect of increasing the  High Pressure turbine 
(HPT) inlet temperature at constant boiler pressure incresses the exergy efficiency of the component as well as the 
second law efficiency of the power plant, thus  reducing the exergy destruction of the component. At the variation of 
environmental or dead state temperature, there were no appreciable changes in the values of exergy efficiency of the 
boiler/steam generator. The outcomes of this work provide the exergy consumption and distribution profiles of the 
thermal power plant, making it possible to adopt effective energy-saving measures. 
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1. INTRODUCTION 
Thermal power plants are widely utilized throughout 
the world for electricity generation.  They include steam 
power plants, gas turbine power plants, nuclear power 
plants, internal combustion engines etc. In recent years, 
global warming has been a major issue due to 
continuous growth of greenhouse gas emissions from 
different sources. Demirbas [1] reported that about 
98% of CO2 emission results from fossil fuel combustion.  
The efficiency of power plants can be improved in order 
to minimize their environmental impacts [2].  The 
global energy supply and environmental situation 
requires an improved utilization of energy sources.  
Efforts are often expended to improve the efficiency and 
performance of existing plants through modifications to 
utilize the energy resources effectively and efficiently 
for electricity generation processes [2].  
In the past, the energy-related engineering systems 
were designed, and their performance were evaluated 
primarily by using the energy balance deduced from 
first law of thermodynamics [2-3].  The first law of 
thermodynamics deals with the quantity of energy and 
asserts that energy cannot be created or destroyed [4]. 
In recent years the second law analysis, also known as 
exergy analysis, has drawn the interest of energy 
engineers and scientist [2-3].   
Exergy is the amount of work obtained when a piece of 
matter is brought to a state of thermodynamic 
equilibrium with the common components of its 
surroundings by means of a reversible process [5]. 
Exergy analysis provides an effective technique for 
designing, evaluating, and optimizing the performance 
of a thermal system [2-8]. Exergy analysis represents 
the third step in the plant system analysis, following the 
mass and the energy balances. The aim of the exergy 
analysis is to identify the magnitudes and the locations 
of exergy losses, in order to improve the existing 
systems, processes or components, or to develop new 
processes or systems [9].  Exergy losses include the 
exergy flowing to the surroundings, whereas exergy 
destruction indicates the loss of exergy within the 
system boundary due to irreversibility [5].  
There are a number of papers on energy and exergy 
analysis of thermal power plants. Erdem, et al. [10] 
carried out a comparative energy and exergy analysis 
for nine different coal fired power plants in Turkey. 
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This analysis was done at design conditions. The 
authors were able to demonstrate the reasons why 
Power Plant CAN had the best performance of all the 
coal plants that were assessed. This was done using 
component exergy efficiency and component exergy 
destruction rate evaluation, Restrepo, et. al. [11] 
Performed an exergy and environmental analysis of a 
pulverised coal power plant . The analyses covered the 
coal delivery route, pre-burning processes and the 
power plant. They found out that the highest 
environmental impact occurred during the combustion 
process. Gupta and Kaushik [12] performed an energy 
and exergy analysis for different components of a 
proposed solar –thermal plant. Their report shows that 
the condenser and solar field contributes to the 
maximum energy loss, while the maximum exergy loss 
is experienced in the solar field. Vandani et. al. [13] 
performed an energy and exergy analysis of boiler 
blowdown heat recovery of a steam power plant. Their 
results show that an 0.72% increase in the net 
generation is achievable, and that the energy and 
exergy efficiencies of the plant also increased. 
Regulagadda, et. al [14] did a parametric study for a 
thermal plant using n energy and exergy analysis.  They 
assessed varying operating conditions. They found out 
that the irreversibilities in the boiler and turbine yield 
the highest exergy losses in the plant. Olaleye, et. al. 
[15] performed an exergy analysis of a supercritical 
power plant with post-combustion CO2 capture. The 
once-through boiler exhibited the highest exergy 
destruction of all the plants components. Their results 
also show that the rational efficiency of the system can 
be enhanced through improvement in turbine 
performance and the driving forces responsible for CO2 
capture. Aljundi [16] studied the energy and exergy 
analysis of Al-Hussein power plant. The study analyzed 
the components of the plant separately, and identified 
the components with  the highest energy and exergy 
losses. The report shows that the major components 
that make the largest energy destruction were the 
boiler system, turbine and the condenser. Their 
respective contributions were 77%, 13% and 9% 
respectively. Fu, et. al. [17] proposed an exergy based 
diagnostic method for effectively locating the 
components with performance degradation. The 
endogenous exergy destruction due to internal 
irreversibilities in the component itself was used. The 
tool was tested using a fault that was induced on a 
plant component. The tool was able to detect it, and 
also quantify the degradation.  Zhao [18] performed an 
exergy analysis of the turbine cycle system of an ultra-
supercritical power plant.  They compared the results 
with that of a single reheat system. They found out that 
the exergy losses in the turbine of the double reheat 
system was less than that of the single reheat system, 
and the exergy loss in the condenser of the double 
reheat system is less than that of the single reheat 
system. Oko and Njoku [19] carried out an energy and 
exergy analysis of an integrated (IPP)  gas, steam and 
organic rankine cycle thermal power plant. They 
reported a 1.95% exergy and 1.93% energy efficiency 
improvemnt of the IPP system. They also reported that 
the highest exergy destruction rate was experienced in 
the combustion chamber of the Combined cycle, and it 
was 59%. In  the ORC, the highest rate of exergy 
destruction occurred in the evaporator, 62%. 
The objective of this study is to evaluate the energy and 
exergy efficiencies and exergy destruction rate of the 
power plant system components, with a view to 
identifying systems that have potential for significant 
performance improvement.  
 
2. METHODOLOGY 
2.1 Description of the Power Plant Investigated 
Egbin thermal plant is located at the suburb of Lagos 
State, Ijede area of Ikorodu and   has a total of 1320 
MW which consists of 6 units having individual 
capacity of 220 W [20]. They are systems with modern 
control equipment, single reheat; six stages 
regenerative feed heating.  Natural gas is supplied to 
the plant directly from the Nigerian Gas Company 
(NGC) Egbin gas station which is annexed to the 
thermal plant. It is modelled as improved Rankine cycle 
with reheating and regenerative feedwater heating.  
The power plant consists of the steam generator which 
is the combination of the boiler, superheater and 
reheater. It consists of other components such as the 
turbine, the condenser, generator, pumps, feedwater 
heaters, drain cooler and deaerator. Additional 
components are usually added to enhance the cycle 
performance and improve efficiency. Natural gas is 
used as the primary energy source, which is ignited 
with air under pressure to start the boiler. The 
schematic diagram of the steam power plant is shown 
in Figure 1. The operating process parameters for the 
plant is presented in Appendix A. 
 
2.2 Equations and Analysis 
This study was based on the concept that for a system 
that undergoes a process under steady or quasi-steady-
state conditions, the exergetic efficiency (second law 
efficiency, effectiveness or rational efficiency) is a valid 
measure of performance of the system from a 
thermodynamic point of view. The design and 
operating data of the power plant were obtained from 
the Efficiency Department of the thermal station.  
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Figure 1:  Schematic diagram of Egbin Steam Power Plant 
 
The fundamental equations of mass, energy and exergy 
were formulated for the power plant components and 
resulting equations analysed using Scilab 5.5.2 version. 
For a typical component within the power plant (see 
Figure 2), there are energy and mass flows crossing the 
boundaries. Heat is transferred ( ̇  ), work ( ̇  ) may 
also been done on/by the component.  
 
Figure 2: boundary of a typical component in the plant 
 
The mass balance at steady state becomes: 
∑ ̇   ∑ ̇                                     
From first law of thermodynamics, the energy balance 
at steady state neglecting potential and kinetic energy 
changes is given by [5]: 
 ̇   ∑ ̇ 
 
    ̇   ∑ ̇ 
 
                               
Where
  
 ̇      ̇  ,     and    are heat transfer rate, rate 
of energy transfer by work, enthalpy at inlet and 
enthalpy at exit respectively over the boundary of the 
control volume.  
The energy or the first law efficiency    of a system 
and/or system component is defined as the ratio of 
energy output to the energy input to a system/ or 
system component [5]: 
   
                     
              
                                    
The exergy component of fluid in a steady flow is given 
by the sum of kinetic, potential, thermomechanical and 
chemical components (excluding nuclear effects, 
magnetism, electricity and surface tension) of the 
exergy [5]: 
                                       
where          = Total exergy of the flowing stream, 
    = kinetic exergy,     = potential exergy,     = 
thermomechanical exergy,      = chemical exergy. The 
potential and kinetic exergy components are evaluated 
relative to the environment. Since all the power plants 
components are considered to be at rest with respect to 
one another, these exergy components are neglected. 
Hence, the total exergy flow of the fluid stream is 
written thus: 
                                                                   
The computation of the steady state thermo-
mechanical exergy for any component in the plant 
follows the model for an ideal gas depicted in Eq. 6a . 
This can also be simplified to Eq. 6b [5, 10]. 
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From Equation (6b), two   forms of mean specific heat 
capacity may be defined as mean molar isobaric exergy 
capacity for evaluating enthalpy changes   
  and mean 
molar isobaric exergy capacity for evaluating entropy 
changes   
  as 
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   in Equations (7) and (8) was obtained in a 
polynomial form as 
   
  ̅
 
                             
where              are constants characteristics of gas 
obtained from selected ideal gas tables (see Appendix 
B.) The computation of chemical exergy for a mixture of 
ideal gases is given as: 
      ̇ (∑  
 
  ̅̅ ̅ 
      ∑  
 
    )            
Where,   ̅̅̅ 
    is the chemical exergy of the constituents 
and    is the mole fraction of the constituents. 
The general exergy destruction rate that is derived 
from the exergy balance of a control volume of any of 
the plant component at steady state is given as [11]: 









   
  ̇               
The second law (exergy) efficiency of each component 
is defined as [5]: 
       
             
            
                                      
where      is the exergy or second law efficiency of the 
    component. 
The equations used in evaluating the exergy 
destruction rate   ̇   , and the exergy efficiency (      
of the main components of the plant are shown in 
Appendix C. 
Fuel depletion ratio is an important parameter in 
exergy analysis. It is the ratio of the exergy destruction 
of       component to the fuel exergy rate input of the 
plant and is given by the equation 
   
     
      
                                                       
where   is the fuel depletion ratio and         exergy of 
fuel. 
The cycle thermal efficiency of the plant is given as [5]: 
    
 ∑   ∑   
   
   
 
         
                  
The cycle exergy efficiency of the plant is given as [5]: 
        
 ∑   ∑   
   
   
 
         
               
 
4. RESULT AND DISCUSSION 
The energy efficiencies for the system components are 
presented on Figure 3. The boiler feed water pump 
(BFP), the condenser effective pump (CEP), the 
condenser (C), the intermediate pressure turbine (IPT) 
are operated slightly inefficiently. The boiler feed water 
pump was the least efficiently operated component 
when compared to its design efficiency. A deviation of 
10 % from the design condition was observed for it. 
This could be due a number of reasons ranging from 
wear and tears of its internal components. The 
implication of this is that there would be an increased 
consumption of power at the pump. The feed water 
heaters (H1, H2, H3, H5 and H6) are operating at their 
maximum efficiency level. 
 
 
Figure 3: Energy efficiency for the system components 
 
Figure 4 shows the exergy efficiencies for the system 
components.  The boiler (BL) appears to have the least 
exergy efficiency (slightly above 40 %). This is due to 
irreversibility associated with combustion, mixing etc. 
The exergy efficiency for the condenser, condenser 
effective pump (CEP) are also very low. The exergy 
efficiency for the condenser is also low because a lot of 
heat is dumped outside the cycle. The implication of 
these observations is that, there is a lot of room for the 
utilisation of energy resources. 
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Figure 4: Exergy efficiency for the system components 
 








Figure 7: Effect of increase in boiler temperature  at 
constant pressure on  exergy efficiency. 
 
 
Figure 8: Effect of variation in ambient temperature  on  
boiler  exergy efficiency 
 
Figure 5 shows the fuel depletion ratio at the various 
components. This ratio is an important parameter in 
exergy analysis because it gives an indication of the 
ratio of the exergy consumption of each component to 
the fuel exergy rate input of the plant. It is very high 
when compared with the one from the turbines (HPT, 
IPT and LPT) and the condenser. This indication as to 
why the exergy destruction at these components are 
high when compared to others. 
In Figure 6, the total exergy destruction rate in the 
power plant was 400MW. The major contributor to the 
exergy destruction in the power plant is the boiler (BL) 
with 87 % (348 MW).  
The other contributors are the high pressure turbine 
(HPT), the intermediate pressure turbine (IPT), low 
pressure turbine (LPT) and the condenser (C). The 
exergy destruction at each of these components are 3 
% (12 MW), 3 % (12 MW), 3 % (12 MW) and 2 % (8 
MW) respectively of the total exergy that was 
destroyed at the power plant. The exergy loss at the 
remaining components constitutes 2 % (8 MW) of the 
total exergy destroyed in the power plant. 
The effect of increasing the boiler temperature on the 
exergy efficiency of the boiler is shown in Figure 7. It 
can be seen that the boiler exergy efficiency tends to 
increase by 0.05 % per 1   rise in the boiler 
temperature. However, it must be carefully noted that 
there is a limit to the maximum increment in the boiler 
temperature. This is due to the material properties of 
the boiler as well as the formation of thermal NOx. 
The effect of increasing the environment (dead state) 
temperature on the boiler exergy efficiency is 
presented on Figure 8. There was no appreciable 
improvement in the values of exergy efficiency of the 
boiler/steam generator with changing dead state 
temperatures. A slight decrease can however be noted 
as the ambient temperature is increased. 
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5. CONCLUSION 
In this study, a component based energy and exergy 
evaluation of a 220 MW thermal power plant was 
performed. The result of the analysis showed that the 
total exergy that was destroyed in the power plant was 
400 MW.  The major contributors to the exergy 
destruction in the power plant were the boiler, the 
three turbines, and the condenser. Their contributions 
were 348MW (87%), 36MW (9%), 8MW (2%) 
respectively.  It is apparent from the analysis that the 
highest exergy destruction occurs in the boiler 
component. Its effect on the overall plant exergy 
efficiency is significant.  
The effect of increasing the  high Pressure turbine 
(HPT) inlet temperature at constant boiler pressure 
incresses the exergy efficiency of the component as 
well as the second law efficiency of the power plant, 
thus  reducing the exergy destruction of the 
component. At the variation of environmental or dead 
state temperature, there were no appreciable changes 
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NOMENCLATURE 
Symbols Meaning Unit 
cp 
Specific heat at constant 
pressure 
kJ/kgK 
 ̇  
Molar specific heat at 
constant pressure 
[        ] 
         Total Exergy kW 
      Thermochemical Exergy kW 
      Chemical Exergy kW 
 ̇     Fuel Exergy rate kW 
 ̇    Exergy destruction rate kW 
H Specific enthalpy kJ/kg 
H Specific enthalpy Kmol/k 
 ̇  Mass flow rate kg/s 
M Molar mass of gas Kg/kmol 
 ̇ Heat transfer rate kW 
R Specific gas constant kJ/kgK 
S Specific entropy kJ/kgK 
s0 
Entropy at reference 
temperature 
kJ/kgK 
 ̇     Work rate kW 
WT Turbine work kW 
WP Pump work kW 
yi 





   – Energy  efficiency   [% ] 
    – Exergy efficiency   [ %] 
    –  Fuel depletion ratio of ith component. [ %] 
Subscripts 
    –  Control volume [ ] 
    –  Inlet [ ] 
   – Exit [ ] 
ABBREVIATIONS 
BL – Boiler 
HPT   –  High Pressure Turbine 
IPT   –  Intermediate Pressure Turbine 
LPT   –  Low Pressure Turbine 
C    –    Condenser 
CEP  –  Condenser effective Pump 
BFP   –  Boiler Feed Pump 
HPH   – High Pressure heater 
LPH   –  Low Pressure heater 
H    –  Heater   
DRT  –  Deaerator 
DC   –  Drain cooler 
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Mass  flow rate 
[Kg/s] 
1 12516.5 237.7 0.00 1026 2.66 607917.36 
2 12516.5 539.06 1.00 3446.40 6.59 627365.70 
3 3319 459.80 1.00 3362.00 7.10 10759.32 
4 12516.5 539.06 1.00 3446.40 6.59 375.92 
5 12516.5 539.06 1.00 3446.40 6.59 1208 
6 3319 350.90 1.00 3109.70 6.69 1706.43 
7 3319 350.90 1.00 3109.70 6.69 3563.44 
8 3319 353.70 1.00 3116.50 6.70 610928.72 
9 3265.76 353.22 1.00 3116.50 6.71 561626.77 
10 3084.20 539.06 1.00 3543.70 7.32 561626.77 
11 695.88 329.08 1.00 3121.10 7.40 1046.87 
12 695.88 329.08 1.00 3121.10 7.40 520403.37 
13 9.20 44.21 0.92 2580.90 8.178 444788.76 
14 9.20 43.96 0.00 184.07 0.625 444788.76 
15 9.20 43.96 0.00 184.07 0.625 524063.86 
16 1282.85 44.20 0.00 186.19 0.628 524063.86 
17 1282.85 49.7 0.00 209.2 0.70 524063.86 
18 1282.85 86.53 0.00 363.3 1.15 524063.86 
19 1282.85 110.1 0.00 462.6 1.42 524063.86 
20 1282.85 134.30 0.00 565.4 1.68 524063.86 
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Mass  flow rate 
[Kg/s] 
21 667.04 163 0.00 688.7 1.97 627365.70 
22 13768.44 165.5 0.00 707.10 1.98 627365.70 
22b 0 0 0.00 0 0 19448.34 
23 13768.44 196.6 0.00 842.6 2.28 607917.36 
24 3212.98 352.70 1.00 3116.42 6.715 48739.89 
25 1541.09 435.80 1.00 3332.80 7.40 29002.41 
251 1448.08 435.22 1.00 3332.80 7.40 29002.41 
26 695.88 329.80 1.00 121.10 7.41 25450.03 
261 667.04 329.50 1.00 3121.10 7.41 25450.03 
27 366.34 260.80 1.00 2986.91 7.42 21677.92 
271 344.24 260.45 1.00 2986.91 7.49 21677.92 
28 174.65 188.10 1.00 2847.39 7.52 20295.73 
281 164.11 187.82 1.00 2847.39 7.52 20295.73 
29 76.60 112.50 1.00 2703.78 7.52 33649.28 
291 71.55 112.25 1.00 2703.77 7.52 33649.28 
30 3212.98 202.7 0.00 865.2 2.35 48739.89 
31 1448.08 171.50 0.00 726.2 2.06 77742.29 
32 344.24 118.1 0.00 495.8 1.51 21677.92 
33 164.11 94.53 0.00 396.1 1.25 41973.65 
34 1382.85 90.53 0.00 379.2 1.20 76824.55 
35 71.55 52.20 0.00 218.58 0.732 76824.55 
36 695.88 329.80 1.00 3121.13 7.406 1201.62 
37 100 30.42 0.00 127.51 0.40 32660000 
38 100 36.73 0.00 153.91 0.50 32660000 
 
 
APPENDIX B: HEAT CAPACITIES OF GASES AT VARYING TEMPERATURES 
For more accurate calculation, use the polynomial expression 
 ̅     T   T
   T  wh     ̅        KJ Kmo K 
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Source: Compiled from Elliot and Lita [21]. 
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